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This document presents the design for a device to assist scientists at the Danforth Plant Science
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interview and consistent collaboration with the customer. Final changes we made once the prototype
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INTRODUCTION
1.1

VALUE PROPOSITION / PROJECT SUGGESTION

Every day the scientists at the Danforth Plant Science Center take images of root systems
form various species of plants. This process of imaging takes precious time and they are limited
to one sample at a time. Our product is a lab safe, user friendly, device geared toward the
automation of taking images of several samples in one sitting. This automation will allow the
user to mount the desired sample, start the program and let the software do all the work.

1.2

TEAM MEMBERS

Scott Messmer
Chris Chastain
Alec Rolwes
Jennifer Beeman
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BACKGROUND INFORMATION STUDY

2.1 DESGIN BRIEF
Portable, accurate, adjustable lens mounting system. To study growing plant roots using
photo/optical systems, it is necessary to view the roots through a variety of optical lenses. A.
Design a system to position these lenses for imaging along multiple root samples, or B.
Design a growth control system (temperature, humidity, light) to pair with optical root
imaging. Our group decided to tackle the system to position the imaging lenses. The design
will be tailored the specific needs of the Danforth Plant Science Center and will focus on
automation, accuracy and the ability to image multiple root samples with minimal setup. The
structure of the design will be comprised of 80/20 extrusion material, and the automation of
the design will be propelled by a stepper motor hooked up to an Arduino board, all powered
by a 12v power supply.
(Christopher Topp, CTopp@danforthcenter.org)

2.2

BACKGROUND SUMMARY
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Upon searching Chris Topps home page on the Danforth Plant Science Center, we came across
a rendering of Chris’ own design that is shown below.
https://www.danforthcenter.org/scientists-research/principal-investigators/chris-topp
●

Camera mounting system displayed on Chris’s home page.

Figure 1. Rendering of camera lenses mounted to a rail structure of Chris Topps own design.

A search for existing similar designs did not lead to much since the proposed design topic is
one of a kind. However, below is a figure for existing 80/20 mounting methods.
Existing Patent for 80/20 slide mount.
https://www.google.com/patents/US5429438

6

Figure 2. Existing patent for 80/20 rail mount system
https://www.applied-motion.com/news/2015/10/stepper-motor-accuracy
●

If the motor used does not move in such a precise motion then the generated image of the root
system will not give the desired resolution.
https://www.osha.gov/Publications/laboratory/OSHA3404laboratory-safety-guidance.pdf

●

OSHA codes and standards for biology labs. In our case the use of PPE in a lab setting.
https://www.cdc.gov/biosafety/publications/bmbl5/bmbl5_sect_iv.pdf

●

CDC Biosafety levels based on the lab classification.
http://apps.who.int/medicinedocs/documents/s22409en/s22409en.pdf?ua=1

●

Lab equipment standards. In our case, the lab must have appropriate utilities including,
lighting (artificial, LED), ventilation, electric outlets, back-up power (if required), drainage
systems that comply with environmental regulations, and sanitation facilities.
Proposed design for a camera mounting system for taking images of multiple root systems
with minimal human interaction. This system will utilize a series of motors, and a linear mounting
system to autonomously move a camera down a linear system to automatically take pictures of root
systems. The motorized component will be powered externally and the timing controlled by an
Arduino board. The Lens Mounting System will be tailored so that a multitude of different lenses can
be mounted to the device including but not limited to, Fujinon HF16HA-1B lens or a Opto
Engineering TC23240.
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3

CONCEPT DESIGN AND SPECIFICATION

3.1
3.1.1

USER NEEDS AND METRICS
Record of the user needs interview

Project/Product Name: Lens Mount System

Interviewers: Scott Messmer,
Jennifer Beeman,

Customer: Christopher Topp/Eric Floro

Chris Chastain, Alec Rowles.

Address: Danforth Plant Science Center

Date: 6/22/2017

Type of User: Plant Biologist
adjusted, single focus,

Currently Uses: Manually

Stationary device

Table 1 - User Needs Interview
Nee
Question
d

Customer Statement

Importanc
e

Interpreted Need

1

Not necessarily, once it is
Do you need a portable in place it is unlikely it
system?
will be moved.
LM is portable

2

2

Will the system need to
Light enough for two
be moved by one or
people to easily move.
more persons?

2

3

Yes, but not with harsh
Will the system need to chemicals, just a mild
be cleaned?
soap and water detergent. LM is able to be sterilized

1

4

Does the system need to Just the weight if the
support a significant camera and the weight of
load?
the media being used.
LM is able to hold xxx pounds

1

5

How precise are your
images?

LM is lightweight

If the camera is off by less
than a degree then the
image turns out blurry and
unusable.
LM moves accurately

5

8

6

Automated is preferred so
Would you prefer a that the human element
manual movement or an can be removed from the
automatic system?
image capturing process. LM is Automated

5

7

How many different Mainly, two different
sized medias are used to sizes, one small, one
hold the root systems? larger.

LM Holds different types of media

4

8

How many root systems
As many as possible,
would you like to image
ideally one hundred.
at a time?

LM will image a large number of root
systems

5

9

Mult. types of media?

Ideally.

Can fit a large amount of media

4

10 Is speed important?

Yes.

Operates fast

4

11 Customizable?

Yes.

Easy to use, change, reprogram

4

3.1.2

List of identified metrics

Table 2 - Identified Metrics
Metric Number

Associated Needs

Metric

Units

Min Value Max Value

1

1

Length

in

6

120

2

1

Width

in

12

36

3

1

Height

in

2

8

4

2

Weight

lbs

2

80

5

5, 6, 10, 11

Camera Motor Speed

in/sec

5

10

6

3, 5, 6, 10

Time Spent at Each Sample

sec

5

10

7

7, 9, 11

Sample Placement Time

sec

5

80

8

5, 6, 10, 11

Motor Position Control

in

0.0001

0.01

9

10, 11

Drive Control

binary

0

1

10

1

Power supply

binary

0

1

9

3.1.3

11

11

Memory

integer

1

10

12

2, 4

Frame Material Strength

integer

1

10

13

2, 4, 7, 8

Sliding Mechanism Strength

integer

1

10

14

10, 11

User Interface

integer

1

10

Table/list of quantified needs equations

Table 3 - Quantified Needs Matrix
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3.2

CONCEPT DRAWINGS

Concept 1

Figure 1: Concept 1 Drawing

11

Concept 2

12

Figure 2: Concept 2 Drawing

Concept 3

13

Figure 3: Concept 3 Drawing

Figure 4: Concept 3 Drawing

Concept 4

14

Figure 5: Concept 4 Drawing

15

3.3

3.3.1

A CONCEPT SELECTION PROCESS.

Concept scoring

Concept #1 Scoring
Table 4 - Concept 1 Quantified Needs Matrix

16

Concept #2 Scoring
Table 5 - Concept 2 Quantified Needs Matrix

17

Concept #3 Scoring
Table 6 - Concept 3 Quantified Needs Matrix

18

Concept #4 Scoring
Table 7 - Concept 4 Quantified Needs Matrix

19

3.3.2

Preliminary analysis of each concept’s physical feasibility

Concept #1
This concept uses a single stepper motor to drive a belt system along the X-axis of the system
while the user would manually adjust the Y-axis depending on needs. The precision of the camera
placement required could hinder the overall design since belts ted to stretch over time potentially
causing inaccurate movements. This design also omits the use of a Z-Axis which does not allow for
the adjustment to different heights of images without the use of some other apparatus. Another
challenge with this design is that there is no means by which to attach the light boxes to since they are
just sitting on the shelf.

Concept #2
This concept uses a single stepper motor to drive a belt system along the X-axis, and two stepper
motors with linear actuators to drive an 80/20 aluminum arm/platform in the Y and Z-axii. The
camera would be mounted on the platform mounted to the arm parallel to the Z-axis. Each stepper
motor would receive a signal from an Arduino board which would automate the system in all three
directions. This is accompanied by a remote 8020 aluminum frame to mount samples and lights as
needed for research. The first concern for this design is precision in the X-axis because belts tend to
be less exact and stretch over time. The second concern is the complexity of the control system that
would be required to automate the system in all three directions.

Concept #3
This concept uses one stepper motor to drive a chain driven system along the X-axis to put the camera
in predetermined positions. The camera itself would be manually adjusted according to the media
being captured. With the use of a chain driven system there would be less tendencies for stretching
and wear of the chain unlike a belt, this would allow the system to stay in calibration longer. The
lights being used to illuminate the media will be built into the light bar running between the media
and the camera.

Concept #4
This concept is probably the most feasible being that it incorporates two of the desired
automated axis, even though it scored slightly lower than concept #3. This concept uses 4 stepper
motors for control of both X & Z directions. The motors are mounted in 3D printed housings, and
have 3D printed wheels attached to their output shafts. The two “X” motors drive the carriage, the zaxis pole, and “Z” motors, where the wheels are running on the 1530 series 8020 extrusion. The “Z”
motors move the camera up and down along the z-axis pole, where the wheel’s ride along 1515 series
8020. With proper/rigid placement of the motors in relation to the track, the wheels should have good
grip and accurate movement. However, some variables, such as excessive load, slippery surfaces, and
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slop in housing compartments, can cause wheel slippage. The y-axis is manually adjusted using the yaxis pole that fits inside the carriage. All light boxes, media mounting is purely up to the user.
Final summary statement
When determining which concept to move forward with, concept #4 seems like the most
likely candidate, being that most of the production cost lies in the frame structure itself. Since some of
the parts of this design are 3D printed, they are cost effective and readily available given the access to
3D printers. Even though this design did not give the highest qualifying score of 0.827 vs. 0.872, this
design does seem to incorporate more of the user needs, being that is does use two automated axes.
We were initially relying on stepper motors to drive the camera system down a linear path, however
upon further discussion the group has decided to move forward with a ball screw system, given that it
will provide a more accurate camera placement without the fear of belts wearing out over time. This
design concept seems to be the easiest concept to incorporate such a system into. Another factor into
the decision of this project is the fact that there are no difficult parts to machine. The motor cradles
are easily 3D printable giving us flexibility into design changes.
3.3.3

The other 3 designs are indeed workable but do not seem to meet the needs of the customer.
In order to incorporate the desired ball screw design would require a complete rework of the
remaining designs, thus leaving us with a somewhat limited design choice.

3.4

PROPOSED PERFORMANCE MEASURES FOR THE DESIGN

The overall performance measure requires the unit to be able to move incrementally and
accurately, which pointed out flaws in our initial design. Following our decision to move forward
with design #4 we needed to address some of the build issues plaguing our project. Using belts/rollers
leaves too much room for error in positioning the camera for the imaging purposes. This design flaw
led us to the use of a ball screw system instead of a roller or belt driven design. The need for the
design to be adaptable to different sized media plate sizes posed another design challenge given that
the proposed design must also incorporate a z-axis to accommodate the larger plate sizes. The selected
design concept is adaptable and workable to all the necessary changes that may need to be met along
the process.

3.5

REVISION OF SPECIFICATIONS AFTER CONCEPT SELECTION
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Table 8 - Metrics Table for Lens Mount System (LMS) Revised

Metric Number

Associated Needs Metric

1
2
3
4

1
1
1
2

5

5, 6, 10, 11

6

3, 5, 6, 10

7

8
9
10
11

7, 9, 11

5, 6, 10, 11
10, 11
1
11

12

2, 4

13
14

2, 4, 7, 8
10, 11

Length
Width
Height
Weight
Camera Motor
Speed
Time Spent at
Each Sample

Units

Max Value
48
12
2
2

96
36
14
80

in/sec

5

10

sec

5

10

Sample Placement
Time
sec

5

80

0.0001
0
0
1

0.01
1
1
10

1

10

1
1

10
10

Motor Position
Control
Drive Control
Power supply
Memory

in
in
in
lbs

Min Value

in
binary
binary
integer

Frame Material
Strength
integer
Sliding
Mechanism
Strength
integer
User Interface
integer
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Table 9 - Needs Table for Lens Mount System (LMS) Revised

Need Question

2

Do you need a
portable system?
Will the system need
to be moved by one
or more persons?

3

Will the system need
to be cleaned?

4

Does the system need
to support a
significant load?

5

How precise are your
images?

1

6

7

8
9

Would you prefer a
manual movement or
an automatic system?
How many different
sized medias are used
to hold the root
systems?
How many root
systems would you
like to image at a
time?
Mult. types of media?

Customer Statement Interpreted Need
Not necessarily,
once it is in place it
is unlikely it will be
moved.
Light enough for
two people to easily
move.
Yes, but not with
harsh chemicals,
just a mild soap and
water detergent.
Just the weight if
the camera and the
weight of the media
being used.
If the camera is off
by less than a
degree then the
image turns out
blurry and unusable.
Automated is
preferred so that the
human element can
be removed from
the image capturing
process.
Mainly, two
different sizes, one
small, one larger.

Importance

LM is portable

2

LM is lightweight

2

LM is able to be sterilized

1

LM is able to hold xxx pounds

1

LM moves accurately

5

LM is Automated

5

LM Holds different types of media

4

As many as
possible, ideally one
LM will image a large number of root
hundred.
systems
Ideally.
Can fit a large amount of media

5
4
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10 Is speed important?
11 Customizable?

Yes.
Yes.

Operates fast
Easy to use, change, reprogram

4
4

Concept #4 Revised Scoring

4
4.1

EMBODIMENT AND FABRICATION PLAN
EMBODIMENT/ASSEMBLY DRAWING
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Figure 6- Embodiment Drawing

4.2

PARTS LIST

Table 10
PART
NO

DESCRIPTION

1
2
3
4

Motor
Bushing
Set Screw
Shaft Coupler

QTY/UNIT
1
1
1
1

VENDOR
Amazon.com
McMaster
McMaster
McMaster

VENDOR
NO
I7HS1920046
92871A284
91375A142
5395T411

EXTENDED
PRICE

PRICE
13.99
6.98
0.10
11.20

13.99
6.98
0.10
11.20
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5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

4.3

Set Screw
Mounted Bearing
Socket Cap Screw
Socket Cap Screw
Spacer
Screw (Screw Set
Assembly)
Carriage
Ball Nut (Screw Set
Assembly)
Socket Cap Screw
1530 Aluminum
8020
1515 Aluminum
8020
Set Screw
15 Series 8020
Bracket
Pan Head Screw
1515 Aluminum
8020
1515 Aluminum
8020
Style 1 Shaft
Reducer
Style 2 Shaft
Reducer

1
2
4
4
2

McMaster
McMaster
McMaster
McMaster
3-D Printed

5395T411
6687K350
91290A197
91251A587
0001-09

incl

1
1

VXB.com
3-D Printed

SFU1605-4
0001-11

incl

1
6

VXB.com
McMaster

SFU1605-4
91290A197

49.77
5.19

49.77
31.14

3ft

McMaster

47065T109

40.50

40.50

2ft
1

McMaster
McMaster

47065T103
92505A115

7.01
0.13

14.01
0.13

24
48

McMaster
McMaster

47065T241
91355A093

6.96
0.46

167.04
22.08

24ft

McMaster

47065T103

7.01

168.17

24ft

McMaster

47065T103

7.01

168.17

1

Custom Part

0001-21

0

0

1

Custom Part

0001-22

0

0

Total Cost

$727.32

6.44
5.19
0.10

0.00
12.88
20.76
0.40
0.00
0.00
0.00

DRAFT DETAIL DRAWINGS FOR EACH MANUFACTURED PART
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Figure 7- Bushing Fabrication Drawing (Part #2)
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Figure 8- Space Fabrication Drawing (Part #9)
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Figure 9- Carriage Fabrication Drawing (Part #11)

29

Figure 10- Style 1 Shaft Reducer Fabrication Drawing on Left; Style 2 Shaft Reducer on Right (Parts # 21 and 22)

4.4

DESCRIPTION OF THE DESIGN RATIONALE

1. Motor: Nema 17 Stepper Motor Bipolar 2A, 48mm body, 4 leads with 1m cable- The use of
this motor is to drive the screw assembly that moves the carriage. This motor was chosen
because it is typically used for 3D printing and robotic applications. The torque range is 80 in-
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2.

3.
4.

5.
6.

7.
8.
9.
10.

11.
12.

13.
14.

15.

16.
17.
18.

lbs, which is applicable for the assembly at hand, and it will be easily coupled with the Arduino
board.
Bushing: 5mm ID to 12mm OD Bushing used to fit motor shaft to shaft coupler. This part will
be created by machining a 4.2mm ID to 13mm OD Stainless Steel bushing to precisely sleeve
the motor shaft to the motor shaft coupler.
Set Screw: 6-32 x 1/8” long Black Oxide Alloy screws to secure the bushing to the motor shaft.
Shaft Coupler: 12mm ID, 38mm long, Black Oxide Alloy Set Screw Shaft Coupling rated for
3450 RPM and 175 in-lbs maximum torque. The shaft coupler couples the set screw assembly
to the motor shaft, and must be rated for continuous motion, speed, and torque to match the
motor.
Set Screw: 6-32 x 1/4” long Black Oxide Alloy screws to secure the Shaft Coupler to the shafts.
Mounted Bearing: 12mm ID Dry- Running Mounted Sleeve Bearing to properly align set screw
assembly with the shaft coupler and motor shaft. No lubrication is required; bearing is selfaligned, and is rated for 80lbs at 100 rpm.
Socket Cap Screw: M5 x 45mm long Black Oxide Alloy Steel Socket Head Screw to fasten
Mounted Bearings to the X Track.
Socket Cap Screw: 5/16” -18 thread- 1.5” Long Black Oxide Alloy Steel Socket Head Screw
to fasten the Spacer to the X Track.
Spacer: 3-D Printed custom spacer used to raise the Carriage and Ball Nut from the X Track.
Screw of Set Screw Assembly: 1000mm x 16mm (5mm pitch) Steel Screw driven by the Motor
to move the Ball Nut and Carriage along the X Track as desired. The screw is made from
hardened steel, requiring custom adapters to couple to the Mounted Bearings.
Carriage: 3-D Printed custom part used to support the camera and Z Vertical along the X Track.
It is driven by the Ball Nut of the Set Screw Assembly.
Ball Nut of Set Screw Assembly: Steel Ball Nut designed to move along the 16mm Screw Set
Assembly. The Ball Nut will push the Carriage along the X Track. This part is specifically
designed for high speed operation and durability.
Socket Cap Screw: M5 x 45mm long Black Oxide Alloy Steel Socket Head Screw to fasten
Ball Nut to Carriage.
X Track: 1530 Series 8020 Extrusion used as the horizontal X axis track for the Screw Set
Assembly to mount to. Needs to be light weight, but durable. 8020 Extrusion provides both and
is strong enough to handle the weight of the assembly. It is also easy to assemble and mount to
with angle, providing versatility for the owner.
Z Vertical: 1515 Series 8020 Extrusion used as the vertical Z axis track for the camera to mount
at various heights as required by the user. See X Track for further 8020 Design Rationale
details.
Set Screw: 6/32” x 3/4” long Alloy Steel Extended Tip Screw used to secure Z vertical to
Carriage.
Angle: 15 Series 8020 Bracket used to fasten extrusions at 90 degree angles to each other.
Pan Head Screw: 5/16”-18 x 5/8” long Black Oxide Alloy Steel Hex Drive Flanged Rounded
Head Screw used to secure angles to each extrusion.
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19. Y Horizontal: 1515 Series 8020 Extrusion used as the horizontal Y Axis, allows for Media
Vertical to be adjusted to different positions in the Y axis as required by the user. See X Track
for further 8020 Design Rationale details.
20. Media Vertical: 1515 Series 8020 Extrusion used as the Vertical Axis to mount various Media
cartridges and lighting as required by the user. See X Track for further 8020 Design Rationale
details.
21. Style 1 Shaft Reducer- Custom fabricate a Reducer Adapter from Aluminum stock, a 16mm ID
female threaded adapter (5mm pitch) to a 12mm round shaft- 57.35mm long. Screws on the
end of the 16mm Screw (Set Screw Assembly) to fit inside the Mounted Bearing and Shaft
Coupler.
22. Style 2 Shaft Reducer- Custom fabricate a Reducer Adapter from Aluminum stock, a 16mm
ID female threaded adapter (5mm pitch) to a 12mm round shaft- 38.1mm long. Screws on the
end of the 16mm Screw (Set Screw Assembly) to fit inside the Mounted Bearing.
4.5

PROJECT SCHEDULE- GANTT CHART

5
5.1

ENGINEERING ANALYSIS
ENGINEERING ANALYSIS PROPOSAL

5.1.1 Signed engineering analysis contract
MEMS 411 / JME 4110
MECHANICAL ENGINEERING DESIGN PROJECT
ASSIGNMENT 5: Engineering analysis task agreement (2%)
ANALYSIS TASKS AGREEMENT
PROJECT: Lens Mount System NAMES:
Jakiela

Chris Chastain

INSTRUCTOR: Mark

Jennifer Beeman
Alec Rolwes
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Scott Messmer
The following engineering analysis tasks will be performed:
Initial Analysis:
Process of Hugging the Track: In order to constrain the carriage to only translational motion
down the track, it is important to have excellent fitment between the track channels. Before printing
the full carriage, we will need to print multiple variations of the channel teeth to determine the best
clearance. After printing the variations of the initial carrier design, assess how the carrier moves and
how much play there is between the carrier and the track.
Efficiency of Ball Screw Along Track: Understanding how many revolutions it takes to
move the carrier one inch along the track and how many revolutions it will take to move the carrier
the full length of the apparatus. Once it has been determined how many revolutions it will take to
move one inch we can determine how many it will take to move three and ten, based on the different
media plate sizes.
Mounting System Efficiency: Understanding how easy it is to mount multiple samples at the
same height so as to not throw off the camera view.
Motor Torque Qualification: Determining if the motor provides the necessary torque
required to drive the motor down the track in a timely manner.
Prototype Assembly: Once full assembly has been completed using information gathered
from above, motion testing will be completed in order to fine tune the size of the carrier and the
rotations and speed at which to move the camera smoothly.
The work will be divided among the group members in the following way:
Instructor signature: _________________; Print instructor name: ________________
(Group members should initial near their name above.)
5.2

ENGINEERING ANALYSIS RESULTS

5.2.1

Motivation

The purpose of our Initial Analysis task is to help our group gain insight to some of the
possible design issues that need our attention. Our design principle is based on having the highest
possible accuracy with our camera placement. Ensuring that our carrier is tight enough to eliminate
any wobble in the movement but also allow the carrier to move smooth without any jarring in its
motion. Another important aspect to our design it the timing to which the motor drives the ball screw
and moves the camera down the track. If the number of revolutions the motor makes is off while the
camera travels down its path it could end up offsetting the field of view. Our group also needs to
make sure the motor provides enough torque to move the camera but that it is not moving too fast so
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that the camera is jarred by the motion of the apparatus moving, but also so that it is completing the
task in a timely manner. Due to the need to image multiple samples in one setting means that all the
samples need to be placed in the same manner, meaning height and distance apart. Our initial design
utilizes the fact that each sample will have its own designated support, helping to make sure that each
sample is the same distance apart. Having all the initial data will give our group a better idea as to
what changes need to be made to ensure we have an accurate and dependable device.

5.2.2

Summary statement of analysis done

We printed 4 different variations of the channel teeth, each with different clearances ranging
from .001” to .004”. After performing the initial analysis of these pieces, the group was able to
determine that there was too much interference by the T-slots in the carrier. This additional
interference was causing too much friction between the carrier and the track and thus we had to
remove some of the material and reprint the design. It was discovered that the 3-D printer was prone
to printing larger parts. In order to counter this error, we took away an additional .006” from the
channel tooth spacing.
Once we installed the ball screw to the track and connected it to the drive motor, we easily
determined the distance traveled per full revolution to be equal to the thread pitch. Since the pitch of
the screw is 5mm, we know that the carriage will travel that distance with each revolution. This
equates to 5.08 revolutions needed to travel one inch. Using these revolutions per inch we were able
to determine that it will take 157.5 revolutions to move the carrier down the entire length of the track.
Mounting system analysis showed that having individual supports for each sample proved
that while it was easier to set the distance apart from each other, it proved more difficult in
maintaining a uniform distance from the camera as well as adjusting the height of the samples.
Our initial assumptions all seemed to conclude that our initial use of an 86ozin motor would
be sufficient enough to move the apparatus down the track. However, once the assembly was finished
it was apparent, after spinning the ball screw by hand, that the motor would not provide the necessary
torque to spin the system.

5.2.3

Methodology

Since our carrier is a 3-D printed part our initial analysis consisted of printing the base of the
first iteration and testing how much friction there was by pushing it down the track by hand.
Measurements of the base were then taken and compared to the dimensions of the CAD file to
determine how much and at what location the material needs to be removed. Once the correction was
made a new base was printed and tested to ensure the proper fitment and ease of movement. In the
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end, the total clearance for the “right fit” part was .003”. This was determined by measuring the final
printed part.
The ball screw analysis consisted of trial and error, setting the carrier in one location, marking
the coupler on the motor shaft and noting the revolutions it took to move an inch down the track. The
distance was measured using a set of digital calipers and visual inspection. The speed at which to
propel the camera was also determined through trial and error by placing a bottle of water on top of
the camera support and running the motor at different speeds. The speed of the motor is controlled by
either changing the values in the program or by use of the joystick.
Analysis on the mounting system was conducted through visual analysis, looking at the initial
design, and trying to find a way to cut down on material while improving on the ease of uniform
mounting. We concluded that having individual mounting supports posed too much room for error
and decided to go with a simpler system consisting of a more boxlike system. The new system will
allow the user to move the height support at one time. This design will also allow the user to adjust
the distance from the camera without having to make multiple, individual adjustments.
Determining if the motor provides enough torque was conducted once the entire assembly had
been completed. Our group attached the motor to the ball screw through the use of couplers and shaft
adapters, powered up the motor and ran both the joystick and the automated program.

5.2.4

Results

The results of the carrier analysis showed us that our dimensioning was slightly off and that
we needed to remove .003” of material from the left and right outer sides of the bottom of the carrier.
This material removal allowed for a much smoother ride down the track.
Results of the ball screw showed that in order to move three inches the motor needs to turn
the ball screw 15.24 revolutions and in order to move ten inches the motor needs to make 50.8
revolutions. In order to move the carriage from one end of the track to the other it takes 157.5
revolutions.
The results of the redesigned mounting system showed a significant improvement over our
initial design, not only with the saving in material, or the reduction in weight, but also with the ease of
adjustment. This analysis was performed before the prototype was built as to not waste material on a
design change. With the new design having uniform adjustments to the mounting procedure this will
also provide a reduction in the setup time required between groups of samples.
The results of the motor torque analysis showed us that our current motor does not provide
the torque required to move our system down the track. Once the automated program was booted up
there was a loud wine coming from the motor with no sign of movement. The same sound was herd
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using the joystick program on all three speeds. Because of the first motor failing, our group decided to
go with a slightly bigger motor coupled to a 4:1 gear box for additional torque.
5.2.5

Significance
After our engineering analysis, we were able to determine what changes we needed to make
to our initial designs mounting system and carrier dimensions. The change to the carrier dimensions
was accomplished by trial and error, trying to determine what would give the best support while not
impeding the motion of the carrier. The change in the mounting system was determined after further
discussion with the customer and the need to reduce the amount of material being used. To make this
system even more convenient our group may need to add a quick release mechanism to the vertical
adjustment section of the mounting system. The change in the motorized drive system was determined
after attempting and failing with our initial motor. Not only will the new motor provide us with the
desired torque but the scaled down motor will also provide us with a smoother trip down the track.

6

RISK ASSESSMENT

6.1 RISK IDENTIFICATION
Initial risks identified for the Lens Mount System included safety of the user, stability of the camera
while in motion, funding for the prototype materials, and receiving all necessary materials in time for
assembly and testing prior to presentation deadlines. After assembly and engineering analysis were
completed, additional risks identified were proper motor size selection and accurately installing the
adapters at the ends of the ball set screw to ensure concentric rotation.
6.2 RISK ANALYSIS
Safety of the user was identified as a risk for the project after researching OSHA’s standards for
robotics and automated systems. At a minimum, OSHA recommends an Emergency Stop button be
installed within reaching distance of the user of the system. This information was corroborated by the
sponsor at Donald Danforth that an emergency stop was needed to ensure that if there was an
equipment malfunction, the user could immediately shut the system down.
Stability of the camera while being carried up and down the track was an additional risk identified.
The sponsor using the system wanted to use their existing camera mount with the automated
assembly. The existing mount style would need to be tested with the automated assembly to ensure
the camera would remain secure and in one position to ensure accuracy of photos were maintained.
Funding for the prototype materials was identified as a risk early on in the project schedule, because it
directly impacted ordering materials and therefore delivery times. There was initial confusion as to
where funding for the project was coming from, and how parts were to be procured. This risk was
settled with plenty of time for part ordering and delivery.
Proper motor size selection was not initially identified as a risk, but after assembly and engineering
analysis, quickly became a concern. Two performance factors impacting motor selection for this
application were speed and torque. The motor needed to rotate fast enough to move the ball set
assembly and carriage up and down the track in a reasonable time frame. The motor also needed to be
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rated for a high enough torque to overcome the friction between the balls in the ball nut and the screw.
Because there was not a sure way to calculate the torque required prior to ordering the motor,
selection was a guess. If the guess was wrong, and in this case the initial first two guesses were
wrong, the assembly would be inoperable until the proper motor selected. Reordering takes time,
which this project ran short on.
Final risk for the assembly was adapting the ends of the set screw to the bushing mounts and coupler
while ensuring accurate and concentric rotation. The set screw assembly purchased did not have premade adapters available for purchase. The machining equipment available to fabricate the adapters
were not sophisticated enough to ensure the correct thread pitch and size could be created for a
threaded connection to the rod. The set screw itself was made from hardened steel, so machining the
screw ends themselves was not an option. The remaining option was a press to fit style adapter. The
means for installing the adapter had a high probability for installing the adapter cockeyed. In addition
to this, the ends of the set screw were not flat, but angled, creating even more probability of the
adapter being installed off center. An off centered installation would be an uneven rotation and
potential wobble at the camera mount and inaccuracy of camera location.
6.3 RISK PRIORITIZATION
Initially the risk given the highest priority was funding for the project because it directly impacted the
amount of time available for assembly, testing, and unforeseen conditions. Providing an emergency
stop button was the next priority because it was a required standard to comply with OSHA and the
Donald Danforth facility. An emergency stop button could have lead times associated with it, so it
could impact schedule as well, but didn’t affect overall operation required for testing. Stability of the
camera mount was considered last priority, because the design of the mount used by the facility
seemed stable, the camera weight was light, and the mount would be traveling at low speeds that
could be adjusted as the user saw fit.
Once all the parts and pieces came in, and assembly occurred, proper motor size selection quickly
became highest priority. The team did not have a definitive method for measuring torque required to
move the carriage assembly up and down the track. The initial stepper motor selected was not large
enough to turn the assembly. The electrical components for the project were selected, purchased, and
installed for the amperage of the initial motor, and replacing the motor meant ordering online and
having it delivered. Motor selection directly impacted the operation of the assembly and the schedule
for the project. A second motor was selected by maintaining amperage, but slowing down the motor
speed to increase torque. This second selection rotated the assembly, but was so slow that it made the
assembly impractical.
A third motor was selected with not a day to spare for purchase, delivery, assembly, and testing. If the
third motor selection was incorrect, the prototype would be inoperable, or at best very, very slow and
not of much use to the end user. Luckily the third motor selection was successful and the prototype
operational.
The final identified risk of ensuring proper adapters at the end of the ball screws was given as much
priority as possible with the time and machining constraints at hand. The team considered this risk as
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important as proper motor selection because it impacted camera location accuracy, but there simply
was not enough time, money, or sophisticated equipment to address the issue any further. Ultimately,
this risk wound up causing the most amount of error in the assembly. The team is hopeful this will not
impact the accuracy of the pictures enough to hurt the end user’s research, but more testing and
collaboration is needed to determine this.
Overall final risk prioritization by the team:
1.
2.
3.
4.
5.

7

Proper Motor Selection
Set Screw End Adapter Accuracy
Funding
Safety of the User
Stability of the Camera Mount

7.1

CODES AND STANDARDS
IDENTIFICATION

OSHA Industrial Robots and Robot System Safety
● https://www.osha.gov/dts/osta/otm/otm_iv/otm_iv_4.html
Danforth Campus Test Equipment Standards
●

7.2

Inspection by the Danforth electrician is to be performed to be sure the test equipment
functions safely and is structurally sound.

JUSTIFICATION

Both OSHA and Danforth campus are concerned for the safety of the lab and its
equipment, the standards and procedures ensure all equipment functions safely. Since our design
utilizes an electrically driven motor we need to make sure that we take all the proper precautions to
ensure that there are no catastrophic failures. Along with the electric motor there is an open circuit
board that is used to make all the necessary connections.

7.3

DESIGN CONSTRAINTS

Under OSHA’s requirements, any automated machine is to have an emergency shut off switch. This
prevents risk of injury during malfunctions. In accordance with OSHA the Danforth lab also has their
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test equipment examined by the electrician to be sure of its safety and reliability. Since there is
circuitry we are required to use an emergency shut off button.

7.4

SIGNIFICANCE

By adding a shut off switch it will only help prevent possible malfunctions. The switch will be
easily added to our design and make it more safe and reliable. Provided our framework for the design
is made to the called-out specifications the Danforth electrician is sure to see the how rigid our design
is.

8
8.1

WORKING PROTOTYPE
PROTOTYPE PHOTOS
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Figure 11: First Digital Photograph of Prototype.
Picture 1- Overall Assembly- The above pictures illustrates the overall assembly of the working
prototype for the Lens Mount System. The frame was constructed from 8020 Aluminum Channel. The
camera mount is moved via a ball set screw assembly paired with a NEMA 23 4:1 stepper motor. The
motor is controlled via 2 options- an Arduino board/driver combo or a joystick.
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Figure 12: Second Digital Photograph of Prototype.
Picture 2 illustrates a second overall view of the working prototype. The Arduino board interface is a
computer program downloaded on the laptop shown in the picture. An E stop button has been added
as a safety precaution to ensure the assembly complies with OSHA standards.

8.2

WORKING PROTOTYPE VIDEO

https://youtu.be/Q2S3eVjekPc
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8.3

PROTOTYPE COMPONENTS

Figure 13: Sample Mounting Side of the Apparatus.
`Picture 3 provides a close up of the construction of the frame the sample slides will mount to. Slides
mounted will be either 3” x 3” or 9”x 9” in seize and light weight. The 8020 channel was joined using
prefabricated angles designed to join the channel and aluminum ‘L’ brackets cut to fit pair with T slot
bolts.
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Figure 14 : Camera Mount System.
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Picture 4 illustrates the camera mount assembly. The motor is coupled to the ball set screw assembly
and utilizes a bushing mount to balance out any uncentered rotation. The carriage housing that holds
the Z axis arm and fits the X axis channel is 3D printed PLA. The ball nut is attached to the carriage
house and pushes the housing as the set screw rotates.

Figure 15: Mechanical End Stop.
Picture 5 illustrates the carriage housing running down the track right before it hits the end switch
located at the start position. End switches were added at the start and ending positions of the track as a
safety precaution for the motor. If there is an error in the Arduino program or the user using the
joystick isn’t paying attention, the housing carriage is only able to run in the unobstructed area of the
X axis channel.
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Figure 16: Prototype Camera Mount.
Picture 6 gives a close up of the camera mount fitting snuggly on the Z axis arm. The camera mount is
another 3D printed objected constructed from PLA. It gives the user several mounting options and is
easily adjusted up and down the Z axis channel.
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9
9.1

DESIGN DOCUMENTATION
FINAL DRAWINGS AND DOCUMENTATION

9.1.1 Engineering Drawings
See Appendix C for the individual CAD models.

Figure 17: First Engineering Drawing
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Figure 18: Ninth Engineering Drawing

9.1.2

Sourcing instructions
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Part
Description

Ball Screw
Carriage

Ball Screw
Assembly

Quantit
y

1

1

Supplier
Name

N/A

VBX

Part Number From Supplier

N/A

SFU1605-4-1000

Price
($)

Notes

N/A

Part was 3D printed
using PLA plastic
material, holes were
then drilled and
taped as to be
fastened to the ball
nut.

51.77

Part was purchased.
To attach the
carriage, allowing
device to travel
down track.

100:1 Stepper
Motor

1

Amazon

17HS19-1684S-PG100

53.00

Part was purchased.
To drive
carriage/ballnut
assembly down
track.

Motor
Mounting
Bracket

1

Amazon

ST-M1

6.99

Part was purchased.
Holds motor on the
track

12.21

Part was purchased.
Allows the motor to
be programed to a
variety of different
settings

6.09

Part was purchased.
Allows Arduino to
be connected to
motor driver and
motor.

6.72

Part was purchased.
Sends pulses to the
motor to allow for
more accurate
positioning.

Arduino Mega

Solderless
Breadboard

A4988 Motor
Driver

1

1

1

Amazon

Amazon

Amazon

B01H4ZLZLQ

IB401

B01J0LK92I
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Steel Motor
Adapter

Set Screw
Shaft Coupling

Dry-Running
Sleeve Bearing

Ball Screw
Adapters

Camera Mount

Framing
Extrusion

L-Bracket

1

1

2

2

1

1

4

McMaster

McMaster

McMaster

N/A

N/A

Grainger

N/A

92871A284

5395T411

6687K35

N/A

N/A

29NZ80

N/A

6.98

Part was purchased
but machined to fit
needs. Allows the
smaller diameter of
the motor shaft to
be held by the
coupler.

11.2

Part was Purchased.
Attaches the motor
adapter to the ball
screw.

6.44

Part was purchased.
Holds the ball screw
adapters to endure
a straight mount.

N/A

Part was machined
from aluminum.
Hardened steel
cannot be machined
so adapters were
made so the ball
screw could be
mounted

N/A

Part was 3D printed
using PLA plastic to
serve as a mock
camera mounting
system.

58.96

Part was purchased.
Serves as the main
track and mounting
piece of the project.

N/A

Parts were cut and
drilled out of a piece
of stray aluminum LBracing. Attaches
horizontal
extrusions to
vertical extrusions
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Inside Corner
Bracket

2

N/A

N/A

N/A

Attaches vertical
extrusions to pieces
that attach to the
1530 extrusion

4

Found.
Danforth
Plant Science
Center

N/A

N/A

Fasteners were
attached to donated
pieces of 80/20.
Attaches 1515
extrusions to the
1530 extrusion

T-Nut

6

N/A

N/A

N/A

Attaches all brackets
to extrusions.

5/16"-18
Screws

8

McMaster

91355A093

11.45

Part was purchased.
Screws into T-Nut to
fasten L-Brackets

N/A

Fastens inside
corner brackets to
extrusions

Anchor
Fastener

1/4"-20 Screws

4

Total
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9.2

N/A

N/A

231.81

FINAL PRESENTATION

9.2.1 Link to the video presentation
4110

Senior Design Project - Lens Mount System – final presentation

https://www.youtube.com/watch?v=m4vMxZi5lkY&t=2s
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